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Power capture gains for the WaveSub
submerged WEC using active control
Andrew J. Hillis, Craig Whitlam, Annette Brask, John Chapman and Andrew R. Plummer
Abstract—An active control strategy is applied to the
WaveSub Wave Energy Converter (WEC). The purpose of the
control strategy is to maximise power capture across a range
of seas whilst operating within physical system constraints.
WaveSub uses four rotational PTOs attached to drums which
are driven by taut tethers connected to a float. The full
scale WEC has been modelled in the WEC-Sim environment
using a fixed passive damping system for the PTOs, which
was optimally tuned for individual sea-states to provide a
performance benchmark. An active control system utilising
the simple and effective method with a Linear Quadratic
Regulator velocity tracking loop is developed. A range of
sea states is applied and the performance of the active and
passive systems compared. Power gains of 13% to 86%
are observed across a wide range of irregular sea states
compared to the optimally tuned passive system. This
approach shows promise to provide a substantial increase
in power capture for a minimal additional device cost and
therefore a significant improvement in cost of energy would
likely result.
Keywords–Active control, submerged Wave Energy Con-
verter, power take off
I. INTRODUCTION
WaveSub is under development by Marine Power
Systems Ltd (MPS). It is a submerged point absorber
with a unique multi-tether configuration and variable
geometry which can be tuned to the prevailing sea state.
A float moves with the waves and reacts against a
moored base. The tethers pull on rotational drums which
are attached to a PTO. An illustration of a full scale
multi-float concept is shown in Figure 1.
Fig. 1. Illustration of full scale multi-float WaveSub concept
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This study uses a single section of this device, com-
prising a single float with four taut tethers connected
to individual drums and rotational PTOs. The block
diagram of the complete system is shown in Figure 2.
Fig. 2. Block diagram representation of WEC/PTO systems
Active control strategies generally aim to achieve ef-
ficient power capture by keeping the velocity of the
primary converter in phase with the wave excitation
force. This may be achieved in an ideal manner through
complex-conjugate control, for example see [1]. Practical
implementation of complex-conjugate control is difficult
as it is non-causal and can result in very large forces
and motions of the device which could violate physical
constraints. Alternative sub-optimal approaches have
been proposed, for example latching and declutching
control [2][3][4], which engage or disengage the PTO at
a specified time. The disadvantage of these strategies
is that they can result in large forces being transmit-
ted to the WEC structure and PTO. Model Predictive
Control (MPC) strategies have also been applied, see
for example [5][6][7]. These have the advantage that
physical constraints can be incorporated, but the opti-
misation problem may be computationally intensive for
a realistic nonlinear WEC and PTO making real-time
implementation problematic [8]. Additionally, MPC de-
pends on accurate plant models and requires prediction
of the wave excitation which increases uncertainty and
potentially reduces robustness.
An alternative solution is the Simple and Effective
controller proposed in [9], whereby a computed velocity
reference signal is designed to keep the WEC velocity in
phase with the wave excitation while also considering
physical constraints such as position limits. Velocity
tracking is achieved by a feedback control loop and
many architectures are suitable for this purpose. In [10]
a State Feedback with Integral Action (SFCIA) controller
is used and good performance was found when applied
to an idealised model of a nonlinear OSWEC. In [11]
an adaptive strategy is applied to the same WEC to
improve performance with a highly nonlinear hydraulic
PTO. In [12] the Simple and Effective strategy is applied
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to a submerged WEC with three taut tethers using an In-
ternal Model Control loop for velocity tracking and good
performance is reported. Here the Simple and Effective
strategy is applied to a full scale WEC-Sim model of the
WaveSub submerged WEC. A Linear Quadratic Regu-
lator state feedback loop is used for velocity tracking,
including full modal coupling. Performance is compared
to an optimally tuned passively controlled system in a
wide range of irregular sea states.
Descriptions of the WEC models are provided in
sections II and III. The control strategy is described in
section IV and integration with WEC-Sim is discussed
in section V. Simulation results comparing the passive
benchmark system performance against the actively con-
trolled system under realistic conditions are provided in
section VI. Conclusions are provided in section VII.
II. BASELINE WEC SIMULATION
A. Model Description
A 1:25 scale WEC-Sim model of a single float system
using four PTO tethers and a taut mooring system has
been validated against experimental data from wave
tank testing. A full-scale WEC-Sim model has been
extrapolated from the 1:25 scale model and is the sub-
ject of this study. The optimum passive spring-damper
combinations have been established across the full range
of operational irregular sea conditions and this system
is used as a benchmark for performance comparison
against an actively controlled PTO system. Figure 3
shows an image of the simplified geometry used for
simulation in the WEC-Sim package. The dimensions are
given in table I.
Fig. 3. Simplified geometry and mooring in WEC-Sim
The float and reactor are connected with four taut PTO
tether lines, each modelled as a translational PTO actua-
tion force incorporating a spring stiffness and damping
force, a universal joint and gimbal. All motions and
forces are available for use by the control strategy within
this model and the control force applied to each PTO
is incorporated by adding to the external preload force
on each PTO. The damping force is used only for the
benchmark passive optimally tuned system and is set to
zero for active control. Irregular waves are applied in the
x-direction.
TABLE I
DIMENSIONS OF THE GEOMETRY OF THE FULL SCALE WEC-SIM
MODEL
Properties Value Unit
Float diameter 12 m
Float cylinder length 4.75 m
Reactor length 51.55 m
Reactor width 50 m
Reactor height 4.85 m
Results using a Pierson-Moskovitz (PM) spectrum
with significant wave height Hs = 3m and energy period
Te = 10s (see Figure 4) are presented in detail, giving
insight into the internal signals and processes occurring
within the passive and active control systems. This sea
state represents a typical sea state for which the device is
sized. A wide range of PM spectra with Hs = 0.5−6.5m
and Te = 6−16s are latterly used for mean power capture
comparison.
Fig. 4. Wave elevation and spectrum for irregular waves (Pierson-
Moskovitz with Hs = 3m Te = 10s)
B. Forces acting on the float body
The governing equation of motion for the float body
is:
Mx¨ = Fh(t) + Fm(t) (1)
where M is the float mass matrix, x¨ is the float accelera-
tion vector, Fh(t) is the total hydrodynamic force vector
and Fm(t) is the mechanical force vector of the PTO.
Assuming linear wave theory, the hydrodynamic force
can be decomposed as follows:
Fh(t) = Fe(t) + Fr(t) + Fhs(t) + Fv(t) (2)
where Fe(t), is the excitation force produced by an
incident wave on an otherwise fixed body, Fr(t) is the
radiation force which is produced by an oscillating body
creating waves on an otherwise still sea, and Fhs(t) is the
hydrostatic restoring force. Fv(t) is a nonlinear viscous
damping term which is commonly neglected.
Fhs(t) is constant as the float is fully submerged. In
the heave direction it is given by
Fhs(t) = −ρgV (3)
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where ρ is the water density, g is the acceleration due to
gravity and V is the float volume.
The radiation force in the time domain is given by [13]
Fr(t) = −A∞x¨−
∫ t
0
Kr(t− τ)x˙(τ)dτ (4)
where A∞ is the infinite frequency added mass matrix,
Kr is the radiation impulse function and x ∈ R6×1 is the
state vector given by
x = [x y z θx θy θz]T (5)
The excitation and radiation forces are calculated
using hydrodynamic coefficients computed by the
NEMOH BEM solver [14].
C. Optimal tuning of PTO stiffness and damping
The passively damped system uses a fixed damp-
ing coefficient on each PTO. The optimal damping co-
efficient is dependent on the peak period of the wave
spectrum applied. For each sea state tested the passive
damping co-efficient and spring stiffness were optimally
tuned. The optimal parameters are shown in Figure 5.
Fig. 5. Optimal stiffness and damping curves for passive WEC
As such the passive system benchmark performance
represents the highest possible captured power with
a fixed damping coefficient in a given sea state. In
practice to achieve this, the damping coefficient would
need to vary as the incident sea state varies resulting
in a slow-tuning control strategy. Performance decays
sharply if the damping is poorly tuned and tuning in
operation would depend upon good estimation of the
peak energy period of the incident sea-state. This is not
always possible due to long data lengths required, and
the lack of a defined peak or double peaks in some seas.
III. LINEARISED DYNAMIC SYSTEM MODEL
For model-based control system design, a linearised
approximation to the WEC and PTO systems is typi-
cally required. Assuming the reactor is fixed (which is
acceptable with the taut mooring system) we can use the
approach of [15] and [12]. The plant dynamics may be
represented by the state-space system given by
x˙′ =
 x˙x¨
p˙r
 = Ax′ + B(Fe + u)
y = Cx′
(6)
where u is the 6DOF control force vector and the state
vector is given by [x x˙]T . The state vector is augmented
with the auxiliary states pr relating to a 4
th order
State-Space approximation Gr of the radiation impulse
response functions described by
p˙r = Arpr + Brx˙∫ t
0
Kr(t− τ)x˙(τ)dτ ≈ Crpr + Drx˙
(7)
where the matrices {Ar,Br,Cr,Dr} describing Gr are
computed in the BEMIO code supplied with WEC-Sim.
Including all 36 modes in the state-space model results
in 144 states.
The augmented plant and output matrices are ob-
tained from linearising the WEC system about its nom-
inal resting position. These are given by equations 8-
10 where A∞ is obtained from the BEM solution, K0
is the linearised stiffness matrix (see [15]) and Bv is a
linear viscous damping matrix empirically tuned to give
a reasonable match to experimental data. The state-space
model order can be reduced by obtaining a balanced
state-space realization and eliminating states with neg-
ligible contribution to the system response. Using this
approach the total number of states can be reduced to 44,
resulting in a model suitable for control system design.
Figure 6 shows the surge, heave and pitch float ve-
locities under controlled conditions. Results are shown
for three irregular sea states with the same peak period
and increasing significant wave heights. The reduced
order linearised model shows good agreement, with
accuracy reducing with increased wave height. This is to
be expected as the model is linearised about its resting
position and accuracy will degrade as the PTO tether
angles change for large motions.
A =
 0
6×6 I6×6 06×144
−(M + A∞)−1K0 −(M + A∞)−1(Bv + Dr) −(M + A∞)−1Cr
0144×6 Br Ar
 (8)
B =
 0
6×6
(M + A∞)−1
0144×6
 (9)
C =
[
06×6 I6×6 06×144
]
(10)
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Fig. 6. Surge, heave and pitch float velocities under controlled condi-
tions. Results shown for three sea states with Te = 10s and Hs = 1m
(TOP), Hs = 3m (MIDDLE), Hs = 6m (BOTTOM)
IV. ACTIVE CONTROL METHODOLOGY
Here we adopt the Simple and Effective strategy
proposed in [9], whereby a velocity reference trajectory
is evolved based upon the wave excitation force and
knowledge of the plant dynamics and constraints. The
overall control strategy is illustrated in Figure 7.
Fig. 7. Illustration of Simple and Effective control strategy with LQR
velocity tracking (adapted from [9])
The vector of Cartesian velocity reference signals is
given by
x˙ref (t) = G−1(t)FE(t) = 0.5(|Gr(ωˆ)|+ Bv)−1FE(t) (11)
where |Gr(ωˆ)|−1 ∈ R6×6 is the inverse of a time varying
matrix of the instantaneous amplitudes of the 4th order
state space radiation damping model at the current
estimated dominant excitation frequency ωˆ. FE(t) is
assumed to be a narrow band harmonic process of the
form [9]
FE(t) = Λ cos(ωt+ φ) (12)
It is necessary to estimate the dominant amplitude Λˆ
and frequency ωˆ of the excitation force for each DOF.
This is achieved using an extended Kalman Filter (EKF)
as described in section V-B and as mentioned in [9].
Linear position constraints are required to avoid impacts
between the float and reactor. Position constraints are
readily incorporated as a velocity constraint under the
narrow band assumption and the velocity reference gain
has an upper bound given by G¯−1 = ωˆ.x¯./Λˆ where {.}
denotes elementwise multiplication or division and {¯ }
is the maximum permissible value of a quantity. Thus a
real-time variable gain on the velocity reference may be
expressed as
G−1(t) =

0.5(|Gr|+ Bv)−1 : G¯−1 ≥ 0.5(|Gr|+ Bv)−1
G¯−1 : otherwise

(13)
In this study the waves are unidirectional in the x-
direction, so only surge and heave motion need to be
controlled to prescribed trajectories.
Tracking of the velocity reference is achieved using a
Linear Quadratic Regulator (LQR) state feedback con-
troller under the assumption all states may be measured
or accurately estimated. K is obtained from LQR optimi-
sation to minimise the cost function
J(u) =
∫ ∞
0
(
xTe Qxe + u
TRu
)
dt (14)
where xe is the error state trajectory given by
xe =
[
06×1
x˙ref
]
−
[
x
x˙
]
(15)
The resulting state feedback gain is
K = R−1BTS (16)
where S is the solution to the algebraic Riccati equation
ATS + SA− SBR−1BTS + Q = 0 (17)
and the weighting matrices are designed to balance con-
trol effort against tracking performance. Similar to [16],
for Q we choose
Q = CT Q¯C (18)
where Q¯ ∈ R6×6 is the auxiliary output error weighting
matrix given by
Q¯ =
T¯
v¯2
|diag([esi])| 03×3
03×3 r.|diag(Fi × esi)|
 (19)
where T and v are the PTO tether tension and velocity
respectively, and r is the radius of the float. With ref-
erence to Figure 8, Fi is the the float connection point
coordinate vector relative to the float centre of gravity
and esi is the unit vector along the direction of the ith
PTO tether in the nominal WEC position. As the system
has x−y symmetry it does not matter which line is used.
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Fig. 8. Illustration of WEC kinematics
The control effort weighting is chosen as
R =
1
T¯
diag [ρ1 ρ2 ... ρ6] (20)
with ρi chosen appropriately to weight control effort in
each DOF and achieve good tracking performance.
The control law in Cartesian coordinates is given as
u = −Kxe (21)
Distribution of u(t) to the four PTOs is achieved
according to
uPTO = JT0 u (22)
where J−10 is the inverse kinematic Jacobian matrix given
by [17]
J−10 =
 e
T
s1 (F1 × es1)T
...
...
eTs4 (F4 × es4)T
 (23)
V. INTEGRATION WITH WEC-SIM
The active control algorithm was integrated with the
WEC-Sim model to assess any performance benefits
over the optimal passive system. The intention was to
implement the control in as realistic a manner as pos-
sible. Tether tensions and PTO drum rotational velocity
and position are assumed measurable. Float motion in
Cartesian co-ordinates and the wave excitation force are
estimated as described in the following sections.
A. Estimation of float motion
The float motion and position must be measured or es-
timated for state feedback control. The desirable solution
is to measure PTO drum rotational velocity and position
using encoders on the drum shafts. Transforming in this
direction results in an underdetermined system as there
are four equations and six unknowns, therefore it is
difficult to estimate the Cartesian velocities accurately. A
good partial estimate can be achieved for some degrees
of freedom by using a weighted pseudo-inverse, such
that the Cartesian velocities are estimated by:
x˙ = W
(
J−10 W
T
)†
l˙ (24)
where (†) represents the pseudo-inverse, l˙ is the vector
of measured PTO tether velocities and W is the diagonal
weighting matrix. In this case the sway, yaw and roll
modes are weighted low to force the accurate estimation
of surge and heave velocities. This is acceptable here
as Wec-Sim can only apply planar waves, so there is
negligible motion induced in the sway, roll and yaw
modes. This would also be acceptable in a real deploy-
ment in areas with directional waves and the WEC is
oriented correctly, as is the current intention of MPS.
Pitch velocity is uncontrollable as the PTO tethers point
to the float COG in the nominal position. If a higher
degree of control were required, it would be possible
to mount a battery powered inertial measurement unit
(IMU) on the float to directly measure velocities in all six
DOFs, in which case this transformation from PTO line
space would not be required. Figure 9 shows the true
and estimated float motions for surge and heave, very
good agreement is observed.
Fig. 9. Estimation of float position and velocity in irregular waves
(Pierson-Moskovitz with Hs = 3m Te = 10s
B. Estimation of wave excitation force
The wave excitation or disturbance force is not mea-
surable, but is required for the proposed control strategy.
In order to estimate the disturbance force it is required to
know the dynamics of the float body and all other forces
acting upon it, as well as estimates or measurements of
the float motion. Float motion and all forces other than
the excitation force are readily measured or estimated
as previously described. It this then straightforward to
implement a dynamic observer to estimate the wave
excitation force. Figure 10 shows good estimation of the
excitation force for surge and heave directions using
such an observer.
Fig. 10. Estimation of wave excitation force in surge and heave
directions in irregular waves (Pierson-Moskovitz with Hs = 3m
Te = 10s
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Once the estimated excitation force has been obtained
it is required to estimate its instantaneous amplitude
and frequency for use in generating the velocity ref-
erence signal for control. This is achieved using an
Extended Kalman Filter (EKF). Under the narrow-band
assumption, the excitation force is modelled as a single
sinusoidal signal with variable amplitude and frequency.
The EKF is formulated such that the amplitude and
frequency are states to be estimated. Figure 11 shows
the amplitude and frequency estimation of an observed
signal for the wave excitation force in surge and heave
for irregular waves obtained from the Wec-Sim simula-
tion.
Fig. 11. EKF wave force amplitude and frequency estimation
VI. SIMULATION RESULTS
For detailed insight into the actively controlled system
performance, the irregular sea-state of Figure 4 was
imposed upon the full nonlinear WEC-Sim model. Fig-
ure 12 shows the surge and heave reference and mea-
sured float velocities. An achievable velocity reference
signal has been generated and the active control strategy
is clearly seen to provide good tracking.
Fig. 12. Surge and heave reference and measured float velocities under
controlled conditions (sea state Hs = 3m, Te = 10s) for full WEC-Sim
model
Displacement limits from nominal of ±5m in surge
and ±3m in heave were imposed. Figure 13 shows that
the displacement limits are largely adhered to. These
limits are imposed in a soft manner, so a factor of safety
can be applied if it is critical that they are not exceeded.
Though it is not controlled, the pitch motion is included
for completeness.
Fig. 13. Surge, heave and pitch float positions under controlled
conditions (sea state Hs = 3m, Te = 10s) for full WEC-Sim model
Figure 14 shows the mean and peak PTO tether ten-
sion for the passive and actively controlled systems.
Fig. 14. Mean and peak PTO tether tension for passive and active
control for full WEC-Sim model. Results shown for three sea states
with Te = 10s and Hs = 1m (TOP), Hs = 3m (MIDDLE), Hs = 6m
(BOTTOM)
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The peak tether tensions are larger for the actively con-
trolled system as expected, being generally 50% higher
than the passive system peak values.
Figure 15 shows the applied PTO control forces and
the resulting PTO tether tensions which are the com-
bination of the control force, pre-tension and spring
force. The tether tensions are seen to become positive
occasionally. In larger seas this effect would be more
prevalent. In reality this is not possible and the PTO
tethers would become slack, causing issues for controlla-
bility and potentially resulting in snatching loads being
transmitted. This is an issue which needs to be resolved
in future work. The pre-tension could be increased for
larger sea states, or the control methodology modified
to prevent this from occurring.
Fig. 15. Control forces and tether tensions under controlled conditions
(sea state Hs = 3m, Te = 10s) for full WEC-Sim model
Figure 16 shows the instantaneous and mean gen-
erated power for the passive and actively controlled
systems. Increased power is clearly seen for the actively
controlled system, though it would also require more
smoothing than the passively controlled output. The
reactive power component is clearly seen as negative
power when the controller commands a motoring action
from the PTOs. This is not always possible or desirable
due to the increased cost and complexity of components.
Two-quadrant operation may be favourable in many
situations, and operates as a restriction of uni-directional
power flow i.e. the generator can only generate in both
directions, motoring is not permitted. This restriction
may be readily incorporated to the active control strat-
egy. This will impact on system performance, but the
benefits come in the form of reduced cost and complexity
of the components required to achieve the PTO power
generation.
Fig. 16. Instantaneous power under controlled conditions (sea state
Hs = 3m, Te = 10s) for full WEC-Sim model
Figure 17 shows the percentage increase in mean
power generation achieved by the actively controlled
system over 700s of simulation with the full nonlinear
WEC-Sim model. The results are shown for irregular PM
spectra with Hs = 0.5 − 6.5m and Te = 6 − 16s. Power
gains of 13% to 86% are observed across a wide range
of irregular sea states compared to the passive system.
Fig. 17. Power matrix showing power percentage increase compared
to optimal passive benchmark system for a range of irregular seas with
peak period Te and significant wave height Hs
It is important to note that all performance gains
reported here are relative to the optimally tuned passive
system. This means that the passive system damping
coefficient was individually tailored to a given seastate.
The power capture of the passive system is very sensitive
to this damping coefficient, and large power reductions
would be seen for a detuned system. The passive system
damping coefficient would need to be adjusted in service
based upon the peak period of the seastate estimated
from measurement. This process is subject to errors, par-
ticularly for seastates with multiple peaks. Therefore the
performance benefits of the actively controlled system
would be expected to be greater in a deployed system, as
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it is not reliant on such measurements and the inherent
uncertainty associated with them.
VII. CONCLUSIONS
The Marine Power Systems WaveSub WEC has been
modelled in the WEC-Sim environment and an opti-
mally tuned passively damped configuration has been
used as a performance benchmark. An active control
strategy based upon the Simple and Effective method is
implemented. A velocity reference vector is calculated
from the estimated wave excitation force, taking into
account displacement constraints. Velocity tracking is
achieved using a coupled Linear Quadratic Regulator
state feedback loop with the state and control weighting
matrices tuned to balance tracking performance with
control effort. The passive and actively controlled sys-
tems were tested in WEC-Sim with a range of PM
irregular sea states. Good performance is observed for
the actively controlled system and mean power increases
of between 13% and 86% are seen compared to the
optimal passive system. This approach shows promise
to provide a substantial increase in power capture for a
minimal additional device cost and therefore a signifi-
cant improvement in cost of energy would likely result.
Areas for future study include methods of avoiding PTO
tethers becoming slack and the imposition of a two-
quadrant restriction on PTO operation.
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